HIV-1 NEF PROTEIN IS SECRETED INTO VESICLES THAT CAN FUSE
WITH TARGET CELLS AND VIRIONS

HIV-1 Nef is a major determinant in HIV-1
pathogenicity. However, its properties have
mainly been associated with its biochemical
activities within the producer cell. Nef is also
secreted from infected and transfected cells.
Our primary objective was to determine the
nature of secreted Nef protein and its effect on
target cells. We determined that HIV-1 Nef is
secreted in the form of exosome-like vesicles.
Nef protein present in these vesicles is largely
protected from protease digestion, which
suggests that most of the protein is present
on the lumenal side of the vesicles. We
observed that HEK293 cells, transfected with
a Nef-GFP expression vector, can secrete
vesicles containing Nef-GFP fusion protein
into the extracellular medium. When the
conditioned medium was used to treat Jurkat
cells, we found that the cells can take up the
Nef fusion protein. The pattern of distribution
of the Nef-GFP fusion protein within the target
cells is mainly cytoplasmic and results in a
punctate staining pattern. We also observed
that Nef (-) virions treated with Nef-condi-
tioned medium have their infectivity restored
to near wild-type levels. This implies that the
Nef contained within vesicles has the ability to
fuse with HIV-1 virions and deliver functional
Nef to these virions. It also demonstrates that
Nef protein delivered in trans can restore
infectivity even after virion maturation has
occurred. These studies suggest that secreted
Nef could play a role in HIV-1 pathogenesis by
inducing effects in noninfected bystander cells.
(Ethn Dis. 2008;18[Suppl 2]:52-14-52-19)
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INTRODUCTION

The HIV/AIDS pandemic contin-
ues to be a major public health
threat throughout the world. In the
United States, HIV/AIDS has increas-
ingly become a disease of African
Americans and has become a leading
cause of healthcare disparities in
minority populations. Most of the
pathogenicity of HIV-1 can be
attributed to the presence of six
coded within the

viral genome. ne¢f is one of these

accessory  genes

accessory genes that is only present
within the HIV and simian immu-
nodeficiency virus (SIV) genomes and
is thought to play a key role in the
progression to AIDS." Nef is a 27-
kDa protein that is produced early
during
spliced mRNAs. It is N-terminally
myristoylated at the second glycine of
the highly conserved sequence
MGG.? Myristoylation of Nef is
required for all of its known biolog-

infection from multiply

ical activities. Therefore, Nef’s asso-
ciation with membranes is central to
its many effects on cells. To date,
most of Nefs functions have been
associated with intracellular mem-
branes or its association with virions.
However, Nef is known to be
secreted from infected cells’ and
has been reported to be secreted in
association with small membrane-
bound vesicles. Tt is also present in
the serum of HIV-infected patients,3
and regions of Nef promote the
fusion of membrane vesicles.® We
have previously shown that Nef
secreted into the conditioned medium
from cells transfected with HIV-1,
HIV-2, and SIV nef expression
plasmids can induce apoptosis when
applied to target Jurkat cells.””®
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METHODS

Secreted Nef Protein

HEK293 cells were transfected with
an expression vector PCDNAnef created
by cloning the n¢f reading frame from
the viral clone pNL4-3 as previously
described.”'® Supernatants from trans-
fected cells were collected and either
used immediately or stored at 4°C
before use.

Immunoblot Analysis

The presence of Nef was determined
by immunoblot analysis using a poly-
clonal rabbit Nef antiserum (AIDS
Reagent Program, catalog #2949).
Blots were detected by using a protein
A horseradish-peroxidase conjugate and
developed by using SuperSignal West
Femto Sensitivity Substrate kit (Pierce).

Protease Protection Assays

Pellets from tissue culture superna-
tants were subjected to digestion by
using an equal volume of subtilisin
protease, 1 mg/mL final concentration
(Sigma) for 16 hours at 37°C. The
reaction was then terminated by the
addition of a protease phenylmethylsul-
phonyl fluoride (5 pug/mL final concen-
tration). The final products were then
analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis
stained with Coomasie blue and immu-
noblot as described above.

Electron Microscopy

Pellets from tissue culture superna-
tants were also processed for transmis-
sion electron microscopy. Pellets were
embedded in 1% agar and removed
from tubes and trimmed and cut into
blocks. The blocks were fixed in 1%
glutaraldehyde before embedding in
epon plastic. Ulcrathin sections were



stained with uranyl acetate and placed
on grids for observation and photogra-

phy.

Take Up of Nef-GFP by
Target Cells

In some cases, HEK293 cells were
transfected with a Nef-GFP construct
(Q.BIOGENE). Tissue culture super-
natants were collected and used to treat
untransfected Jurkat T cells. Cells were
then directly observed or counterstained
with DRAQ5 before analysis by confo-

cal microscopy.

Complementation of Nef (-)
Virions

Virions lacking Nef protein were
produced as previously described.”'”
Intact virions were treated with tissue
culture supernatants from #ef transfect-
ed cells. Mock-transfected supernatants
were used as a control. Samples were
normalized by p24 enzyme-linked im-
munosorbent assay before determining

infectivity by MAGI infectivity assay.

RESULTS

We have previously established that
Nef is expressed into the extracellular
medium of cells transfected with HIV-
1, HIV-2, or SIV nef expression plas-
mids. To determine the nature of the
secreted protein, we subjected condi-
tioned tissue culture supernatants to
ultracentrifugation at 400,000 X g for
1 hour. The results are summarized in
Figure 1. Nef was present in the
conditioned medium (lane 3). Upon
centrifugation, most Nef was present in
the pellet (lane 5) and absent in the
supernatant (lane 1). Since Nef is a
myristoylated protein, we included a
control that lacked the site of myristoy-
lation (G2A). However, the mutant
behaved essentially the same as wild-

type protein (lanes 2, 4, and 0).
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Fig 1. Conditioned tissue culture supernatant was collected from HEK293 cells that
were transfected with pNef expression plasmid or a G2A mutation in the Nef
sequence. The supernatants were spun in a TLA100 rotor at 400,000 X g for 1 h to
create the pellets. Medium, supernatants, and pellets were each separated on an
12.5% SDS PAGE and Nef was detected by immunoblot using anti-Nef antiserum.
Note that the majority of Nef present in these blots is actually in the form of a dimer.

Nef Protein in High-Speed
Pellets Protected from
Protease Digestion

Since Nef is associated with endo-
somes and the secreted Nef from
conditioned medium was in a higher
molecular weight form, we considered
whether Nef may be associated with
membranous structures. To test this
hypothesis, we treated the high-speed
pellets from conditioned media with
subtilisin. This treatment results in the
degradation of proteins that are not
protected by structures such as a
membrane. The results are summarized
in Figure 2. A Coomasie stain of the gel
revealed that the original pellet con-
tained a large number of proteins of all
various molecular masses (lane 1). In
contrast, the lane containing treated
pellet had only a few prominent bands
(lane 2). This suggests that most of the
protein present was unprotected and
could represent proteins on the surface
of vesicles. Further studies using serum-
free medium and other means of vesicle
purification are currently underway. An
immunoblot of the same material
showed that Nef was present in the
untreated sample as 4-6 bands of
various molecular weights (lane 1). After
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subtilisin treatment, Nef was present in
the pellet but appeared to have coa-
lesced into a single band that corre-
sponded to the molecular weight of a
Nef dimer (lane 2). We believe that the
different forms of Nef in the untreated
sample coalesced into a single band in
the treated sample. It is unclear why
removal of the unprotected proteins
would cause a change in the mobility
of Nef, but in some cases they could
promote the formation of higher mo-
lecular weight aggregates. In other cases,
the treatment appeared to interfere with
the formation of dimers that result in
the lower molecular weight material. As
a control, the pellet was also treated
with 1% Triton prior to subtilisin
treatment, which resulted in no detect-
able bands by Coomasie or immunoblot
(data not shown).

High-Speed Pellets from
Conditioned Media Contain
Exosome-Like Vesicles by
Electron Microscopy

To determine the nature of the
higher molecular weight form of Nef
present in pellets, we subjected the
material to analysis by electron micros-
copy (Figure 3A). The results show that
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Fig 2. Pellets from high-speed spins were treated with equal volumes of subtilisin
(Tmg/mL final concentration) for 16 h at 37°C. The reaction was then terminated by
adding PMSF (5pg/mL final concentration). The products were then separated on an
12.5% gel and either stained with Coomasie blue or immunoblot using anti-

Nef antiserum.

the material in pellets from Nef con-
taining supernatants contained numer-
ous vesicles (Figure 3A). In contrast,
pellets from mock-transfected cells
showed only debris (Figure 3B). The
vesicles present in Nef supernatants
averaged approximately 50-200 nm in
diameter and varied greatly in size and
shape (see Figure 3A). The shape and
size of these vesicular components were
consistent with those of exosomes.'
Exosomes are vesicular bodies that can
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be shed from a variety of cells and
function as a mechanism for transport-
ing material from cell to cell.'?
HEK293 cells do not normally produce
large numbers of exosomes. However,
when the HIV-1 nef gene is expressed in
these cells, they produce large numbers
of exosomes. Since it appears that the
Nef protein is inducing this effect, it
seems likely that most, if not all, of the
exosomes present will contain at least
some Nef protein.
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Conditioned Medium from
Cells Transfected with a Nef-
GFP Expression Vector Can
Accumulate in Target Cells

To determine if Nef had an effect on
nontransfected target cells, we transfect-
ed HEK293 cells with a Nef-GFP
expression vector and collected condi-
tioned medium. Transfected cells began
to show fluorescence within an hour of
transfection. Fluorescence became de-
tectable in the conditioned tissue cul-
ture medium within 24 hours of trans-
fection as determined on a fluorescence
plate reader (data not shown). The
conditioned medium contained Nef-
GFP fusion protein as determined by
immunoblot with anti-Nef antisera.
When conditioned medium was placed
onto an equal number of fresh, non-
transfected Jurkat T cells, some cells
begin to accumulate fluorescence within
30 minutes after exposure at 37°C, as
determined by confocal microscopy of
the treated cells (Figure 4A). Observa-
tion at higher magnifications (Fig-
ure 4) revealed small points of fluores-
cence, which could represent individual
Nef vesicles before fusion with target
cells.

Treatment of a nef-Deleted
Strain of HIV-1 with
Conditioned Medium Restored
Infectivity to Near Wild-
Type Levels

As a further means of showing that
Nef from conditioned medium had
biological effects, we treated virions
(NL4-3KFSANef) that lacked Nef with
conditioned supernatant. We found that
the nef-deleted strain was approximately
fivefold reduced in infection. When this
virus was incubated with conditioned
medium for 4 hours before determining
infectivity by MAGI assay, there was an
increase to almost wild-type levels (data
not shown). The increase in infectivity
was proportional to the amount of
conditioned medium used to treat the
nef-deleted virus.
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A. Nef transfected

Fig 3. Pellets from high-speed spins were immobilized in 1% agar and then fixed,
embedded and stained with 2% uranyl acetate. They were then visualized using a
JEOL 1200EX transmission microscope. A control using cells that were mock
transfected is also included. The size bar in the transfected sample is 200nm in size.

DISCUSSION

To date, most of the activities of the
Nef protein have been attributed to the
intracellular expression of the protein or

its association with virions. Inside cells,
Nef is known to downregulate CD4 and
major histocompatibility receptors.'®'*
To accomplish these functions, Nef acts

as a sort of connector between the
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receptor and components of the cell’s
trafficking machinery."> Nef binds to
CD4 by a dileucine-based signal in the
CD#4 cytoplasmic tail. Nef also binds to
cellular partners such as adaptor pro-
teins and COP I that are involved in
protein sorting'® and internalizes CD4
to specific clathrin-coated pits. Nef’s N-
terminal myristoylation signal directs it
to membranes and its site of action,
though recent reports implicate basic
residues near the N-terminus as also
important.'” Since Nef associates with
membranes, it is perhaps not surprising
that it could ultimately be secreted into
vesicles. Our studies show that Nef can
be secreted from HEK293 cells (Fig-
ure 1, lane 3). In our experiments,
HIV-1 Nef lacking an N-terminal
myristoylation site (G2A) was as effi-
cient as wild-type virus in its secretion
(Figure 1, lane 4). Therefore, secretion
also appears to involve residues inde-
pendent of N-terminal myristoylation.
The Nef that is secreted from these cells
is also in a form that can be sedimented
at high centrifugal forces (Figure 1).
When these high-speed pellets were
characterized, we found that the Nef
contained within them was protected
from protease digestion (Figure 2) and
associated with vesicles (Figure 3). This
suggests that most of the Nef present
was on the lumenal side of these
vesicles. Using a Nef-GFP expression
vector, we also show that Nef vesicles
can be visualized and that the vesicles
can fuse with target Jurkat cells (Fig-
ure 4). This demonstrates that secreted
Nef can do at least two important
things: 1) induce apoptosis in bystander
cells and 2) fuse with bystander cells. In
other experiments we also demonstrate
that Nef vesicles can #7ans complement a
nef-deleted virus and restore its infec-
tivity to near wild-type levels. All of
these data point toward a potendially
significant role for secreted Nef in viral
pathogenesis. Our future studies should
help determine the relative importance
of these effects in the context of T-cell
depletion during the course of AIDS.
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A

Fig 4. Conditioned medium was collected from Nef-GFP transfected cells after 48h.
Fresh Jurkat cells were then added and allowed to come in contact with the medium
for 30min. The cells were then observed by confocal microscopy for the localization
of Nef-GFP. Cells were counterstained with DRAQ5. (A) Note that the small dots in
this high magnification field are thought to be individual Nef vesicles. (B) A lower
magnification image shows that some cells have taken up significant quantities of the
fusion protein.
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Implications for Improving
Health Disparities

Perhaps one of the best ways to
prevent the health disparities that result
as a consequence of HIV/AIDS is to
devise an adequate treatment. Our
studies suggest that the pathogenesis of
HIV-1 infection could be reduced or
eliminated by therapeutic vaccines or
drug therapies directed against Nef-
induced effects on bystander cells.
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